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ABSTRACT. Recentsatelliteinvestigationgevealedthatin the 1990s,the groundingline of
Pinelslandand Thwaitesglaciersretreatedseveralkm, theice surfaceon theinterior of the basins
lowered10cma !, andPinelslandGlacierthinned1.6 m a—1. Theseobserations,however, were
not sufiicientto determinghe causeof the changesHere,we presentsatelliteradarinterferometry
datathatshaws thethinningandretreatof PinelslandGlacierarecausedy anacceleratiorof ice
flow of about18+2 percentin 8 years.ThwaitesGlaciermaintaineda nearlyconstanflow regime
atits centeybut widenedalongthe sidesandincreasedts 30+15 percenimassdeficit by anothed
percentin 4 years.Thecombinedmasdossfrom bothglaciers,if correct,contributesanestimated

0.08+0.03mma ! globalsealevel risein 2000.



1. INTRODUCTION

Of thethreemain glaciersystemghatdrainthe WestAntarcticice sheetthe onecomprisingPine
IslandandThwaitesglaciersis thoughtto be mostunstablgHughes,1981;Bentlgy, 1997).Lossof
theice containedn theice-drainagéasinsandglaciersthatdisgoge into the AmundserSea(Fig.
1) couldraiseglobalsedevel by 1.2m (this estimatds obtainedrom theice volumeabore sedevel
extractedfrom the BEDMAP thicknessnap(Lythe,Vaugharandthe BEDMAP Consortium2001)
overthedrainagebasinsoccupiedby theglacierslandpromoteincreasedlischage of theremainder
of the West Antarctic Iced Sheet. Earlier assessmentsf input versusoutput of ice from these
basinshave notshavn measurablénbalancgBentley andGiovinetto,1991),but theseassessments

containednajoruncertaintie§Vaugharetal., 2000).

More recently satellite radarinterferometrydatashaved that the groundingline of Pine Island
Glacierretreatedapidly in the early 1990s(Rignot, 1998)andthatthe glaciermassbalancemight
well be nggative. A similar analysisconductedn ThwaitesGlacieralsoindicatedrapidgrounding
line retreatandthinning (Rignot, 2001). Satelliteradaraltimetry datasubsequentlgonfirmedthe
thinning of PinelslandGlacier with athinningrateapproachind.6m a ! nearthegroundingline
(Shephercet al., 2001). At larger scale,the drainagebasinsof Pine Islandand Thwaitesglacier
thinned10 cm a~! in the 1990s(Winghamet al., 1998). While thesedataindicatethatimportant
changesare taking placein this part of WestAntarctica,they are not suficient to determinethe

causeof thechanges.

Here,we applya satelliteinterferometrytechniqugRignotetal., 1997)to synthetic-apertureadar
imagesacquiredby the EarthRemoteSensingsatellitesERS-1and ERS-2. The resultingimages
allow usto maptheflow of Pinelslandand Thwaitesglacierswith sufficient precisionto measure

substantiathangesn flow velocity betweerl992and2000.



2. METHODS

For the period 1996-2000,measurementsf flow velocity are obtainedin the sameline-of-sight
directionof the radar Los, usinginterferometricpairs spanninga one-daytime intenal, acquired
alongdescendingrack81of ERS(Tablel), andcorrectedor topographyTopographys calculated
from interferometricpairs betweerwhich thereis neagligible changein glaciervelocity (Table 1),

and controlledby a digital elevation model of Antarctica(Bamberand Bindschadlgr1997). The

line-of-sightvelocities Vg2 andVgss, are

Vgs® = Vos - Los,
Vg = Voo- Los. (1)

whereVE® and V& are, respectiely, the vectorvelocity in 1996 and2000. Comparisorof the

line-of-sightvelocitiesyieldsa mapof changesn velocity with a precisionof +5ma?.

In late 1995- early 1996, suficient tracksare availablealongboth the ascendingand descending
pathsof ERSto allow a vectormappingof ice velocity, Vog (Table1). The measurementsf ice
velocity were correctedfor tide on the ice shelf using tidal predictionsfrom the FES99model
(Lefevre etal., 2000)listedin Tablel. Thevectormapis usedto convertthe 1996-200hangesn
line-of-sightvelocity into changesn velocity magnitudeassumingno changein ice flow direction
betweerthoseyears:

VLos _ VLos _
W ) Vos 2)

Voo=(1+
For the period1992-1996the samemethodcannotbe usedbecausehe 1992interferometrigoairs
span6 daysinsteadof 1 day (Table 1), hencecausingsignificantaliasingof the interferometric
phase. In addition, the 1992 tracksdo not exactly coincidewith the 1996 tracks. Instead,we

measurehe 1992flow velocity, VgszT , usinga speckletracking(ST) techniqug(Michel andRignot,

1999)in thealong-trackdirection,i, of anascendingassof ERS:
Vo3 =Vaz- (3)
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Va2 is the 1992vectorvelocity. The precisionof speckletrackingis 1/30" of a pixel, whichis 4 m
long in the along-trackdirection. Over a periodof 6 days,this meansa precisionin Vg, of 10m
a 1. Smallundulationsn pixel offset, probablycausedy ionospheridisturbance§1992wasnear
solarmaximum),however limit the precisionin the presentaseto +30 m a~1. Speckletrackingis
alsoapplicablein the cross-trackline-of-sight)direction,but the pixel sizein thatdirectionis too

large (20 m) to measurehangesn ice velocity with sufficient precision.

The along-trackvelocity, VgszT is comparedo its 1996 equivalent by projectingthe 1996 vector
velocity alongthe samedirection,

Vg = Vos-T 4)

Assumingno changein flow directionbetween1992and 1996, the 1992 flow vectoris deduced

from the 1996flow vectorusing,

ST ST
V92 — V96 /-

Voo =(1+ Vel ) Voe (5)
9

The 1992,1996and2000velocity magnitudearecomparedn Fig. 3 alongthe approximatecenter
line of theglacier Notethatthe 1992along-trackdirection,t, andthe 1996line-of-sightdirection,

Los, Only differ by 11°.
3. RESULTS

Fig. 3. shaws thattheflow acceleratiorof PinelslandGlaciercoincideswith thefast-flaving part
of theglacier It is largestat the groundingline, andaffects both morethan 100 km of grounded
ice andthefloatingice shelf. Thevelocity increasés 100m a ! attheinlandedgeof the scenepr
8.5 percentof the 1996velocity. It become®50m a* atthe groundingline, or 10 percentof the
1996velocity Theflow acceleratiorihereforedecreasesland,decreaseen thefloatingice shelf

(visiblein Fig. 2, but notin Fig. 3) andis largestnearthe groundingzone.

The1992-1996low acceleratiowvariesfrom 6.5 percenpf the1996velocity nearkm 0 to 8 percent



nearthe groundingline. If the 1992 velocity is usedas a referencethe percentagdélow change
become6 and 7.5 percent,respectiely. Within the uncertaintyof the 1992-1996measurement
(+1 percent) theflow accelerations thereforelargerin 1996-2000thanin 1992-1996 andhence

increasesvith time.

ImagepairsacquiredlO5daysapartin late 1996and2000(Fig. 2d, e) alsoshaw aflow acceleration,
which suggestshattheflow changds nearlycontinoughroughtime. Theresultalsoillustratesthat

flow change®ver only 2 monthsarelarge enoughto be detectedvith INSAR.

No flow accelerations detectedacrosghe centralpartof ThwaitesGlacier(Fig. 4) betweenl996
and2000. In fact,the centralpartof the glacierexperienced slight reductionin ice velocity. Two
sectorsabout10 km wide by 30 km long, nearthe groundingline, alongthe sheamaugins of the
glacier however, accelerated! to 20 percent(Fig. 5). This patternof flow changeindicatesthat
the glaciersheamaigins migratedoutward, by severalkm. The wideningof the fast-flav portion
of the glacierincreasedhe meanvelocity, andhenceice dischage, by about4 percentdespitethe

relative slow down of the centralpartof theglacier

4. DISCUSSION.

4.1 Massbalance.

A consequencef the flow acceleratiorof Pine Island Glacieris thatits basinis now certainly
loosingmass.Usingice thicknessrom BEDMAP (Lythe andVaughan2001)andthe 1996vector
velocity map, the groundingline flux is 75.14+4 km? ice a* in 1996, with a precisionlimited
by a +50-m uncertaintyin thickness. This resultcompareswvell with the 76.14+2 km? ice a1
grounding-lineflux estimatedisinganice thicknessdeducedrom hydrostaticequilibrium(Rignot,
1998). Using Eq. (2), the flux is estimatedat 82.6+4 km? ice a~ in 2000, which is 10 percent

higher The 159,120-krd basinof PinelslandGlacieraccumulate$8.0km?® ice a~! accordingto



the accumulatiormapof Vaugharet al. (1999)and71.6km? ice a~! accordingto Giovinettoand
Zwally’s (2000). The averagevalueis 69.8 km?® ice a~%, with a 3-km?® ice a ! uncertainty The
glaciermassbalanceis thus,-12.8+5 km3icealin 2000, comparedo -5.3t5 km3icea!in

1996. Similarly, usingEqg. (5), theglaciermassbalancevasonly -0.74+5 km? ice a1 in 1992.

Thegroundingline dischage of ThwaitesGlacierwasestimatedt 77+8 km?® icea ! in 1996,with
anaccumulatiorof 60.0£3 km? ice a1 (averageof the two accumulatiormaps)over a basinarea
of 166,500km? (Rignot,2001).In 2000,the groundingline dischage is 80.14+8 kmd ice a1, or 4

percenthigher andthe massbalances thus,-20.14+9 km? ice a .

The combinedmassbalanceof the basinsof Pinelslandand Thwaitesglaciersis -33+10 km? ice
a !, or 30+9 Gta ! usinganice densityof 917 kg m~2. If correct,this contritutesa 0.08+0.02-
mm a~! globalsealevel rise, using360 Gt a~! asthe equivalentto a 1-mmsea-leel rise (Jacobs

andothers,1992).

Using the BEDMAP thicknessmodels,we calculatethat the Pine Island and Thwaitesglaciers
contain,respectrely, 396,330km® and 306,910km? of ice, of which 250,590km? and 210,460
km?3, respectiely, are above sealevel. Completeremaval of ice from the basinswould raisesea
level by 0.7 m and0.55m, respectiely, for a combinedtotal of 1.25m. Hence,a sustainednass

lossfrom this sectorof WestAntarcticawould have a significantimpacton sealevel.

4.2Ice thinning.

Theflow acceleratiorof PinelslandGlaciercould eitherthin or thickentheice, dependingon the
rate of flow change. Thicker ice adwectedfrom upstreamcauseghickening dovnstream while
enhancedongitudinal stretchingof the ice createsa negative vertical strainwhich causesdce to

thin. Thisis illustratedthroughthe conseration of massrelationshipappliedto a vertical column



of ice,

%—T:a+b—\7-DH+He‘z (6)

wheredH /ot is theglacierthickeningrate,ais thesurfaceaccumulationb is basalaccumulationy
is thevelocity vector O is the horizontalgradientoperatorande, is the vertically-averagedvertical
strainrate. The third term of the right-handside of the equationcorrespondso thickeningfrom
adwection,while thefourth termcorrespondso thinningfrom verticalstrain. If theglaciervelocity

increasedy dV, thethickeningratewill changeby,
O(0H /ot) = —dV - UH + Ho¢, (7)

wheredg, is the changein strainrate. The changein ice thicknessdH = 1-2m a! accordingto

Shepherabtal. (2001),is herengglected.

We applyEq. (7) attwo locationsalongprofile A-B: 1) atkm 25 (point A’ in Fig. 2) betweerkm
0 and50; and2) at km 60 (point B’ in Fig. 2) betweenkm 50 and70. At A’ in 2000, we use:
H = 1850m, OH = (1700-1850)/5xa*, 8V = 130 m a1, and &, = -(150-100)/5x16 a~t. The
calculatedchangein ice thicknesss -0.4+0.2m a ! for 1996-2000.The 0.2 m-a ! uncertaintyis

deducedrom a+10m a ! uncertaintyin velocity anda + 50 m uncertaintyin thickness.

At B, wehave H = 1450m, OH = (1350-1700)/2x10 8V = 200m a2, and¢, = -(250-150)/2x16

a 1. Thecalculatedateof thickneschangeis -0.94+-0.4mice a ! for 1996-2000.

At A’ in 1996,8V = 110mat, andde, = - (115-65)/5x160 a~! yield athicknesxhangeof -0.44+0.2
m a* for 1992-1996.At B’, 8V = 155m a ! anddg, = -(210- 115)/2x106 a ! yield a changen

thicknesof -0.95+0.4micea 1 for 1992-1996.

Hence despiteslight changedn flow acceleratiometweerthetwo time intenals, theinferredrates
of thinningareconsistenfrom 1992to 2000:0.4m ice a~* about65 km upstreanof thegrounding

line, and0.95m ice a* about15 km upstreanof thegroundingline.



Theseresultscomparewell with Shepheratal. (2001)5, but areprobablylower in thecaseof B'.

They reportameanthinningof 0.75+0.07micea* in thelower 150km of theglacier and1.6+0.2
m a1 about13 km upstreanmof the groundingline. The thinning rate calculatedusing Eq. (7),
however, is in additionto thatgivenby Eqg. (6), whichis notknown. Thelargermagnitudehinning
reportedrom satelliteradaraltimetrythereforesuggestshattheresultof Eq. (6) is negative, which
meansthat the massbudgetof the glacierwould remainnegative in the lower reachesventhere

hadbeenno accelerationn 1992-2000.

ThwaitesGlacier in contrastshavs noacceleratiomf its maintrunkin 1992-2000Theestimateof
the masshudgetof its basinis however stronglynegative, which meanghattheresultof Eq. (6) is
negative. The migrationof its sheamaginsin 1996-200Guggestshatthe glacierhasnotreached
stableflow conditionsandthatice dischage mayincreaseurtherin the future, henceaugmenting

theglaciermasdeficit.

ThwaitesGlaciermusthave acceleratedh the pastcomparedo equilibrium conditions. The flow
increasepf the orderof 30 percentmusthave taken placewell before1992. The flow changeof

ThwaitesGlacieris therefordik ely of mucholderorigin thanthatof PinelslandGlacier
4.3Nature of flow changes.

Theflow acceleratiorf PinelslandGlacieris unlike a corventionalglaciersuige,in whichabulge
or suge-frontmovesdown the glacierasa kinematicwave at mary timestheice velocity. A suige
is usuallyexpressedyy a simultaneouscceleratiorandthickening of the glacier Here,the flow
changds accompanietby thinning (Shepherdetal., 2001;Rignot,1998)over anextendedperiod.
Similarly, thereis no evidencefor a kinematicwave traveling up the glacier(Fig. 3), whichwould

be expectedf anabruptchangdn ice-shelfconditionwereto bethe causeof theacceleration.

Pine Island Glacier flows too rapidly to be frozento its bed (Vaughanet al., 2001). It moves



predominantlyeitherby sliding over a non-deformingoed, or restingon highly deformablebasal
sedimentsor amix of thetwo mechanismsin eithercasethe presencef basalwateratapressure
closeto the overturdenpressurés required.An increasean basalwaterpressurevould reducethe
basalshearstressandenhancéce flow. The melt waterpresenbeneattthe glacieris producedn
comparablemountsby both geothermabndfrictional heating.An averagegeothermaflux of 54
mW / m? over thebasinof PinelslandGlaciermelts0.8 Gta™ 1, if we assumedhatonly half of the
availableheatmeltstheice. Givena basalshearstressof 115kPa, a sliding velocity of 1 km a2,
andasliding areaof 30 x 100km (Vaugharetal., 2001),frictional heatingmeltsabout0.7 Gt a™*.
Frictional heatingwill not changeunlessthe glacierspeedaip considerably Geothermaheating
couldbeenhancedby severalordersof magnitudenearactive volcanoegClarke etal., 1989),some
of which areknown to be presentin the area(LeMasurierand Thompson,1990). Yet, we have
no evidencefor recentvolcanicactiity in thearea;andit is alsounclearhow sub-glacialolcanic

actvity couldsustaina nearlyconstantateof flow accelerationvell overadecade.

No remarkablechangein ice-front positionhasbeendetectedon Pine Island Glacier (Jenkinset
al., 1997). This situationmay be changingat presentastherearenen evidencesof crackingand
fissuringof theice shelfin PinelslandBay (Rignot,submitted) Assumingthattheice-shelfexerts
a buttressingeffect on the inlandice, its progressie disappearanceouldin principleyield a flow
acceleratiorsimilar to that obsered with INSAR. This possibility is beinginvestigatedat present

usingnumericalmodeling,andtheresultswill bereportedn thefuture.

Althoughrecentchangesn ice velocity werereportedin anothermainice-stream/glaciesystem
drainingthe West Antarcticaice sheetthe Siple Coast(Whillans et al., 2000)flow eithersloved
down or revertedto whatit wasbeforehandywhichwasviewedby Bentley (1997)asbeingconsistent
with long-termequilibrium. The third major drainageroute from WestAntarctica,the Ronnelce
Shelf,shavs nopronounce@videnceof largeimbalanceor flow acceleratiomntheice shelf(Doale

etal., 2000). Obseredflow change®n Pinelslandand Thwaitesglaciers thereforeconstitutethe



mostcompellingevidencefor substantialcontemporaryce-sheetetreatin WestAntarctica. The
obseredchangesarelarge,well documentedfasterthananticipatedandaffectinglargeareasThe
consequence®r the basinsdrainedby theseglaciersaresignificantin termsof their contrilution

to sealevel change.
5. CONCLUSIONS.

Using satelliteradarinterferometrydata,the groundingline of Pinelsland Glacierwasshavn to
retreatrapidly. Satellitealtimetrydatashavedthatthinningextendednland,over alarge area,and
wascoincidentwith the areaof fastflow of theice. Theseobserationssuggested dynamiceffect
wasresponsibldor theobseredthinningandgrounding-lineretreat.The datapresentedherefully
demonstrat¢hedynamicnatureof ice thinningin thisregion. Theresults,n turn, illustratethehigh

complementarityf satellitealtimetryandsatelliteinterferometryfor documentingylacierchanges.
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Tablel. List of ERS-1/ERS-2ateandorbitsusedfor PinelslandGlacier Topographianapping
was performedcombining22625-2952and23627-395%n track 92, andmeiging the resultswith
thecombinatiorof 23616-394&nd24117-4444ntrack81. Thelastcolumnliststhetide predicted

by the FES99modelatthetime of passagef the satellitein cm.

Track | ERS-1/ERS-Date | ERS-1/ERS-Drbit | FES99Tide
35 | 02-15-92/02-09-3 3056/2970 23.95/-4.6
81 | 11-11-95/11-128 22614/2941 27.4/32.6
81 | 01-22-96/01-238 23616/3943 -41.6/-33.8
81 | 02-24-96/02-258 24117/4444 -10.2/-22.6
81 | 11-20-99/11-219 43656/23983 5.4/-11.1
81 | 03-04-00/03-050@ 45159/25486 -34.7/-26.7
92 | 11-12-95/11-13B8 22625/2952 35.2/29.8
92 | 01-21-96/01-228 23627/3954 81.2/72.2

Table2. List of ERS-1/ERS-2lateandorbitsusedfor ThwaitesGlacier Topographianappingwas
performedcombining22557-2884and 23559-3886on track 24, and meging the resultswith the
combinationof 23885-4212and24386-4713ntrack 350. Thelastcolumnlists thetide predicted

by the FES99modelatthetime of passagef the satellitein cm.

Track | ERS-1/ERS-Date | ERS-1/ERS-Drbit | FES99Tide
10 | 03-08-92/03-02-® 3375/3289 -9.0/-25.1
24 | 11-12-95/11-138 22557/2884 29.3/30.8
24 | 01-16-96/01-17® 23559/3886 -35.4/-39.1
24 | 02-29-00/03-010 45102/25429 -48.6/-47.6
24 | 11-16-99/11-179 43599/23926 35.5/32.5

350 | 02-08-96/02-09® 23885/4212 13.7/3.9
350 | 03-14-96/03-158 24386/4713 -24.8/-15.7
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Figurel. Locationmapof PinelslandandThwaitesglaciers,in WestAntarctica.
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Figure 2. (a) Line-of-sightvelocity of Pine Island Glacier (positve down glacier) on 11/11-95,
grounding-linepositionin 1992 (red), 1996 (white) and2000 (black), profile A-B with white dots
every 10 km, andlocationof A’ andB’ discussedn the text (black dots). Eachcolor cycle (from
blue to red, yellow andblue again)in (a-c) represents 350-m/yrincrementin velocity, and50-
m/yr in (d-e). (b) Increasdn along-trackvelocity measuredetweern?/15/92and11/11/95(1365
days).Increasen line-of-sightvelocity measuredetween(c) 11/11/95and11/20/99(1470days),
(d) 11/11/95and02/24/96(105days),and(e) 11/20/99and03/04/00(105days).
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Figure3. Increasen velocity magnitudeof PinelslandGlacier from A (distance= 0) to B (distance
=90) in Fig. 2a,from 02/15/92to 11/11/95in green,11/11/95to 11/20/99in red, 11/11/95to
02/24/96in dark blue, and 11/20/99to 03/04/00in light blue. The thin black lines representa
percentagef the 1996velocity, varyinglinearly from 6.5percenin A to 8 percenin B for thetime
intenal 1992-19968.5t0 10 percentrespecirely, for thetime interval 1996-2000andfixedat0.8
percenffor thetwo 105-dtime intenals (blue curves). Thethick backline represent4/10thof the
ice thicknesfrom BEDMAP from A to B.
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Figure4. (a) Line-of-sightvelocity of ThwaitesGlacieron 11/07/950f track 24 (positve dovn
glacier), grounding-linepositionin 1992 (red), 1996 (white) and 2000 (black, incompletedata).
Color codeis thesameasin Fig. 2 a-c. (b) Increasen line-of-sightvelocity betweerl1/07/95and
02/29/00(1575days).Profile A-B usedin Fig. 5 is black,with white dotsspacedvery 10 km.
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Figure5. Increasen velocity magnitudeof ThwaitesGlacier from A (distance= 0) to B (distance=
107)betweerll1/95and02/00in red. Theblackthin line represent4 0 percenof the 1996velocity
for reference.
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